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Chitosan is a polysaccharide biopolymer that combines a unique set of versatile physicochemical and
biological characteristics which allow for a wide range of applications. Although its antimicrobial activity is
well documented, its mode of action has hitherto remained only vaguely defined. In this work we investigated
the antimicrobial mode of action of chitosan using a combination of approaches, including in vitro assays,
killing kinetics, cellular leakage measurements, membrane potential estimations, and electron microscopy, in
addition to transcriptional response analysis. Chitosan, whose antimicrobial activity was influenced by several
factors, exhibited a dose-dependent growth-inhibitory effect. A simultaneous permeabilization of the cell
membrane to small cellular components, coupled to a significant membrane depolarization, was detected. A
concomitant interference with cell wall biosynthesis was not observed. Chitosan treatment of Staphylococcus
simulans 22 cells did not give rise to cell wall lysis; the cell membrane also remained intact. Analysis of
transcriptional response data revealed that chitosan treatment leads to multiple changes in the expression
profiles of Staphylococcus aureus SG511 genes involved in the regulation of stress and autolysis, as well as genes
associated with energy metabolism. Finally, a possible mechanism for chitosan’s activity is postulated. Al-
though we contend that there might not be a single classical target that would explain chitosan’s antimicrobial
action, we speculate that binding of chitosan to teichoic acids, coupled with a potential extraction of membrane
lipids (predominantly lipoteichoic acid) results in a sequence of events, ultimately leading to bacterial death.

Chitosan, discovered by Rouget in 1859 (37), is a technolog-
ically important and ubiquitous polysaccharide biopolymer. It
is produced by partial alkaline N deacetylation of chitin, which
is commercially extracted from shrimp and crab shells. Chi-
tosan is also found in nature, such as in the cell walls of fungi
of the class Zygomycetes and in insect cuticles. Chemically, it is
a high-molecular-weight linear polycationic heteropolysaccha-
ride comprising copolymers of 8-1,4-linked p-glucosamine and
N-acetyl-D-glucosamine. The term chitosan describes a hetero-
genous group of polymers differing in molecular weight, vis-
cosity, degree of deacetylation, pK,, etc. (41, 43). Chitosan is
commercially produced in different parts of the world (Japan,
North America, Poland, Italy, Russia, Norway, and India) on a
large scale (41). It has been estimated that up to 10° to 10"
tons of chitosan are annually produced in nature (33).

Much of the commercial interest in chitosan arises from the
fact that it combines unique biological characteristics which
allow for a wide range of applications, including biodegrad-
ability, biocompatibility, and nontoxicity. Its oral mean lethal
dose in mice was found to be in excess of 16 g/day/kg of body
weight, which is higher than that of sucrose (13, 41).

In spite of its abundance in nature, the commercial utiliza-
tion of chitosan has been developed only over the last 2 de-
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cades; it has emerged as a new biomaterial for food (36),
pharmaceutical (20, 41), medical (44, 53), textile (42), agricul-
tural (12), and other industries, as well as for wastewater pu-
rification (1).

In recent years, chitosan and its derivatives have attracted
much attention as antimicrobial agents against fungi, bacteria,
and viruses and as elicitors of plant defense mechanisms (9, 28,
35). In fact, a number of commercial applications of chitosan
benefit from its antimicrobial activity, including its use in food
preservation (36), manufacture of wound dressings (44) and
antimicrobial-finished textiles (42). The lack of understanding
of how this industrially valuable biopolymer exerts its antibac-
terial activities led us to our more systematic study of its mech-
anism of action.

It is generally assumed that the cationic nature of chitosan
(pK, = 6.3), conveyed by the positively charged NH; " groups
of glucosamine, might be a fundamental factor contributing to
its interaction with the negatively charged microbial cell sur-
face, ultimately resulting in impairment of vital bacterial activ-
ities (19, 21, 28, 54). On the other hand, it is claimed that some
of chitosan’s characteristics, such as its water-binding capacity
as well as its abilities to chelate trace metals and to interact
with DNA, might shed some light on its antimicrobial mode of
action (35).

The ambiguity regarding chitosan’s mode of action prompted
us to investigate, in more detail, the mechanisms underlying its
antibacterial activities. Against this background, we attempted
in this study to apply an array of techniques, including whole-
cell assays, in vitro assays, and transcriptional response analy-
sis, in search for possible molecular mechanisms by which
chitosan might inhibit and kill bacteria. We demonstrated that
the mode of action of chitosan is probably more complex than
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TABLE 1. Strains used in this study, together with culture media and susceptibility to chitosan
Antimicrobial susceptibility
Strain Description Culture medium” MIC (p.g/ml)®
- MBC (pg/ml)?
24 h 48 h
S. simulans 22 Indicator strain CAMHB 2.0 39 39
PYG 15.6 15.6 15.6
B-broth 15.6 15.6 15.6
CDM 125.0 125.0 >1,000.0
S. aureus SG511 Indicator strain, methicillin CAMHB 23.4 23.4 62.5
susceptible PYG 62.5 93.8 93.8
B-broth 125.0 125.0 187.5
CDM 500.0 750.0 >1,000.0
S. aureus SA113 strains
SA113 ATCC 35556, wild type CAMHB alone 84.8 84.8 84.8
SA113 AypfP::erm ypfP deletion mutant CAMHB with 5 pg/ml Erm 224.0 224.0 232.6
SA113 AtagO::erm tagO deletion mutant CAMHB with 5 pg/ml Erm 471.6 545.5 602.3
SA113 AypfP::spc AtagO::erm Double-knockout mutant CAMHB with 2.5 pg/ml Erm plus 375.0 385.4 385.4
150 pg/ml Spc

SA113 AditA::spc dltA mutant CAMHB with 200 pg/ml Spc 0.9 0.9 0.9

¢ Abbreviations: CAMHB, BBL cation-adjusted Mueller-Hinton II broth (Becton, Dickinson & Co., Sparks, MD); PYG (peptone-yeast-glucose broth) (0.2% Bacto
peptone, 0.2% yeast extract, 5 mM glucose, 10 mM KPO, buffer [pH 7]); B-broth (1% casein hydrolysate, 0.5% yeast extract, 0.05% K,HPO,, 10 mM glucose); CDM,
chemically defined medium (46) with modifications (phosphate buffer was replaced with HEPES [13 g/liter], L-cysteine was omitted, and a lower glucose concentration

[1 g/liter] was used); Erm, erythromycin; Spc, spectinomycin.
b Average of at least three determinations.

initially assumed, involving a number of events, that may ulti-
mately lead to a killing process.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Two well-characterized gram-posi-
tive standard laboratory strains, regularly used in the study of cationic antimi-
crobial peptides (AMPs), were used in this study: Staphylococcus simulans 22 and
Staphylococcus aureus SG511 (4, 31, 38, 39). In addition, Staphylococcus aureus
SA113 (ATCC 35556), together with some of its deletion mutants, were included
in some investigations (Table 1). Unless otherwise noted, 50-ml cultures were
grown aerobically in 100-ml flasks at 37°C, with shaking at 150 rpm (Certomat H;
Sartorius, Gottingen, Germany), using a 5% (vol/vol) inoculum from an over-
night starter culture. Deviant growth conditions are mentioned separately in the
different experimental procedures. Stock cultures were maintained in standard I
nutrient broth (Merck KGaA, Darmstadt, Germany) at —70°C as 40% glycerol
suspensions. Working cultures were maintained on plates of standard I nutrient
agar (Merck KGaA; indicator strains) or B-medium (1% tryptone, 0.5% yeast
extract, 0.5% NaCl, 0.1% K,HPO,, 0.1% glucose, 12 g/liter agar) containing the
appropriate antibiotic(s) if necessary (SA113 strains) at 4°C and subcultured
fortnightly.

Preparation of chitosan stock solution. Low-molecular-weight chitosan (chi-
tosan, 75 to 85% deacetylated), purchased from Sigma-Aldrich Chemie GmbH
(Taufkirchen, Germany), has a reported molecular mass of 50 to 190 kDa. Its
stock solution (1% [wt/vol] in 1% acetic acid) was sterilized by autoclaving at
121°C for 20 min and stored at 4°C for subsequent use.

MIC and MBC estimations. Values of the MIC were determined by a broth
microdilution assay. Briefly, serial twofold dilutions of the antimicrobial agent
were prepared in the appropriate culture medium in sterile 96-well round-
bottom polystyrene microtiter plates (Greiner Bio-One GmbH, Frickenhausen,
Germany). The strains were grown in the respective broth at 37°C to an optical
density at 600 nm (ODg,) of 1 and subsequently diluted in the same medium to
about 2 X 10° CFU/ml. Each well of the microtiter plate then received 100 .l of
the inoculated medium, and the plates were incubated at 37°C for up to 48 h. The
MIC was read as the least concentration of the antimicrobial agent that was
sufficient to completely inhibit visible bacterial growth. The MICs of chitosan for
the two indicator strains were determined under different culture conditions,
including different media and in the presence of 5, 20, 50, and 100 uM metal ions
(Fe?* and Zn*"). The media used were BBL cation-adjusted Mueller-Hinton II
broth (CAMHB) (Becton, Dickinson & Co., Sparks, MD), peptone-yeast-glu-
cose broth (PYG) (0.2% Bacto Peptone, 0.2% yeast extract, 5 mM glucose, 10

mM KPO, buffer [pH 7]), B-broth (1% casein hydrolysate, 0.5% yeast extract,
0.05% K,HPO,, 10 mM glucose), and chemically defined medium (CDM) as
defined in reference 46 with modifications. The viable cell count in 20-pl aliquots
of each well of the microtiter plates was determined, to assign the minimum
bactericidal concentration (MBC), the lowest concentration reducing the bacte-
rial inoculum by =99.9% within 24 h. Susceptibility tests were repeated at least
three separate times to check the reproducibility of the results.

Bacterial Killing assay. Cultures of the indicator strain S. aureus SG511 in
CAMHB (around 1 X 107 CFU/ml) were incubated separately in the absence
(control) and presence of different chitosan concentrations (0.5X, 1X, 2X, 5X,
and 10X MIC) for a period of 24 h at 37°C. Samples of the bacterial cultures
were removed at regular intervals to record survival counts, expressed as CFU/
ml. The surviving log,, CFU/ml was plotted against time for each of the different
chitosan concentrations. In addition, killing assays were performed using S.
simulans 22 cultures at different physiological states.

Cell leakage assays. Potassium release from S. simulans 22 in response to
exposure to different chitosan concentrations (5 to 60 wg/ml) was determined as
previously described (5), using cultures of S. simulans 22 grown in CAMHB (with
and without 10 mM glucose). Chitosan-induced leakage was expressed relative to
the total amount of potassium release induced by the addition of 1 wM nisin, and
K™ efflux was calculated as a percentage (30).

Leakage of UV-absorbing cellular components from S. simulans 22 upon
treatment with chitosan (20 pg/ml) was measured by growing the test strain in
CAMHB to an ODg, of 0.5, harvesting and washing pellets, and then resus-
pending the cells in choline buffer (300 mM choline chloride, 30 mM morpho-
lineethanesulfonic acid, 20 mM Tris [pH 6.5]). The absorbance of cell-free
supernatants was measured at 260 nm over a period of 2 h. The percent absor-
bance was calculated with reference to a culture run in parallel and treated with
nisin (1 uM) for 2 h, whereas the percent ODg, refers to the optical density of
the test culture relative to that of the starting culture.

Leakage of proteins was determined by using the method of Lowry et al. (25).
In addition, an electrophoretic separation of the protein samples was conducted
using common sodium dodecyl sulfate-polyacrylamide gel electrophoresis by the
method of Laemmli (24) with a 4% stacking gel and a 12% separating gel.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was conducted at a
voltage of 90 to 120 V for 120 to 140 min, and the proteins were visualized with
Coomassie brilliant blue R 250.

Estimation of membrane depolarization using [SH]TPP™. S. simulans 22 was
grown in CAMHB to an ODy, of 1, harvested, and then resuspended 1:3 in fresh
medium. [*H]tetraphenylphosphonium bromide ([*H]TPP*) (30.0 Ci/mmol; GE
Healthcare UK Ltd., England), a small lipophilic cation whose equilibrium
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across the cytoplasmic membrane is indicative of membrane potential, was added
to a final concentration of 1 wCi/ml of cell suspension. The cell culture was
treated with chitosan (5X MIC), and then aliquots were filtered onto 0.2-um-
pore-size cellulose acetate membranes (Schleicher & Schuell, Dassel, Germany)
and washed twice with 50 mM phosphate buffer (pH 7.0). The filters were dried,
and the radioactivity was measured in Quickszint 100 (Zinsser Analytic, Frank-
furt, Germany) in a Packard 1900CA liquid scintillation counter. The membrane
potential was calculated as previously described (38).

Fluorometric membrane depolarization assay using DiBAC,(3). S. simulans
22 was allowed to grow in CAMHB at 37°C until it reached an ODyg of 0.5. The
cell suspension was incubated in the dark for 25 min with 1 wM of the membrane
potential-sensitive fluorescent probe bis-(1,3-dibutylbarbituric acid) trimethine
oxonol [DiBAC,(3)] (Molecular Probes, Invitrogen, Karlsruhe, Germany) at
room temperature. Chitosan was then added to final concentrations of 10 to 60
pg/ml. The change in the intensity of fluorescence emission of DIBAC,(3) was
monitored for 15 min, using an RF-5301PC series spectrofluorophotometer
(Shimadzu Corporation, Kyoto, Japan) at excitation and emission wavelengths of
492 and 515 nm, respectively.

Inhibition of in vitro lipid II synthesis. The analytical lipid II assay was
performed as previously described (5). Chitosan was added to the reaction
mixture to achieve final concentrations of 67 and 267 wg/ml. After incubation of
the reaction mixtures for 1 h at 30°C, lipids were extracted with the same volume
of n-butanol-6 M pyridine acetate (2:1, vol/vol), pH 4.2. The extraction mixture
was separated by thin-layer chromatography (60F254 silica plates; Merck), and
the lipid spots on the silica gel plate were visualized by phosphomolybdic acid
staining.

Assessment of liposomal permeabilization. Carboxyfluorescein (CF)- and K*-
loaded unilamellar liposomes containing the zwitterionic, neutral phospholipid
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and the anionic phospholipid
1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] sodium salt (DOPG) (both
purchased from Avanti Polar Lipids, Inc., Alabaster, AL) in a molar ratio of 1:1
[DOPC-DOPG (1:1)] were prepared as described by Bonelli et al. (5).

Chitosan-induced efflux of CF was determined as follows. CF-loaded vesicles
were diluted in Tris-buffered saline (TBS) (10 mM Tris-HCI [pH 7.2], 0.85%
[wt/vol] NaCl) to a final concentration of 25 wM phospholipid based on phos-
phorus. CF leakage upon the addition of various concentrations of chitosan (0.5
to 200 pg/ml) was monitored over 5 min at 520 nm (excitation at 492 nm) on a
spectrofluorophotometer at room temperature. Leakage was expressed relative
to the total amount of CF released after disruption of the liposomes by the
addition of 20 pl of 20% Triton X-100.

Potassium leakage from liposomes was determined after diluting the K*-
loaded vesicles in choline buffer to a final concentration of 250 uM phospholipid
based on phosphorus. Potassium efflux was monitored in the presence of various
concentrations of chitosan (1 to 200 pg/ml). K* leakage was expressed relative
to the total amount of potassium recorded after complete lysis of the liposomes
through the addition of 46 pl of 30% octylglycoside.

Electron microscopic examination of chitosan-treated cells. Cultures of S.
simulans 22 were grown in CAMHB to the early exponential phase and then split
into two portions: one was treated with chitosan (10X MIC) and incubated at
37°C, while the other served as an untreated control. Aliquots of the control
culture as well as the chitosan-treated culture (collected after 5, 20, and 60 min)
were harvested (1,000 X g, 10 min, 4°C), and the bacterial pellets were washed
once in Sgrensen’s phosphate buffer with sucrose (SPS) (25.4 mM KH,PO,, 24.6
mM Na,HPO,, 0.1 M sucrose) and then prefixed in SPS containing 3% (wt/vol)
glutaraldehyde (4°C, 4 h). After the cells were harvested, the fixed cells were
resuspended in SPS (12 to 18 h, 4°C). The collected cell pellets were washed in
SPS and then in 0.1 M cacodylate buffer. Contrasting was done using 1.5%
potassium ferricyanide and 1% (wt/vol) osmium tetroxide (2 h on ice), whereas
fixation was achieved by resuspending the pellet carefully in 5% (wt/vol) uranyl
acetate (2 h on ice). After resuspension in 1% tannic acid (30 min, 25°C), the
pellet was dehydrated and stained as previously described (26). The samples
were then viewed with a Philips CM 120 transmission electron microscope.

Preparation of total RNA. S. aureus SG511 was grown in CAMHB to an ODy,
of 0.8. Culture aliquots were either treated with chitosan (15 wg/ml) for 20 min,
or left untreated (control), and then collected and quickly stabilized by adding
RNAprotect Bacteria Reagent (Qiagen, Hilden, Germany). Cell pellets were
lysed in the presence of 300 pg lysostaphin (Dr. Petry Genmedics GmbH,
Reutlingen, Germany), and total RNA was extracted using the PrestoSpin R kit
(Molzym, Bremen, Germany), according to the manufacturer’s instructions.
RNA concentration and purity were assessed photometrically.

Reverse transcriptase labeling of mRNA into Cy3- and Cy5-labeled cDNA.
The purified RNA samples (9 pg of total RNA) were reverse transcribed into
c¢DNA using BioScript reverse transcriptase (Bioline, Luckenwalde, Germany),
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TABLE 2. Characteristics of the chitosan sample used”

Sample or M, M, MM [n] Ry, DD
parameter (g/mol) (g/mol) W (dl/g) (nm) (%)
Chitosan 243.17 83.55 291 5.0 24.59 87
RSD (%) 1.5 134 11.7 1.5 14 2

¢ The molecular weight analysis was performed using size exclusion chroma-
tography, and the detection was operated by a differential refractometer. Intrin-
sic viscosities were measured on a differential Wheatstone bridge viscometer.
The degree of deacetylation was analyzed by 'H nuclear magnetic resonance
(Bruker Avance WB-360 [8.4-T] spectrometer). Abbreviations: M,,, weight-
average molecular weight; M, number-average molecular weight; M, /M,,, poly-
dispersity; [n], intrinsic viscosity; R, hydrodynamic radius; DD, degree of
deacetylation; RSD, relative standard deviation.

and the cDNAs were concomitantly labeled by incorporation of cyanine-labeled
nucleotides (0.1 mM cyanine-3'-dCTP or cyanine-5'-dCTP; GE Healthcare UK
Limited, United Kingdom). The labeled targets were purified using the MinElute
PCR purification kit (Qiagen, Hilden, Germany), and the concentration of
c¢DNA and the amount of incorporated dye were measured using the NanoDrop
ND-1000 spectrophotometer (Peqlab, Erlangen, Germany).

Hybridization and data acquisition and analysis. The differentially labeled
targets to be compared were combined and competitively hybridized (42°C, 72 h)
to the custom sciTRACER full genome chip (Scienion AG, Berlin, Germany),
containing 2,338 from all 2,593 protein-coding open reading frames (ORFs) in
the annotated genome of S. aureus N 315, sequenced by Kuroda et al. (23).
Washing and scanning of chips, image acquisition, and analysis of the scan data
were carried out by the methods of Pag et al. (31).

Characterization of S. aureus SCVs. Hemin auxotrophy was tested by plating
a culture of small-colony variants (SCVs) in CAMHB (10* CFU/ml) onto the
surface of a BBL Mueller-Hinton IT agar (MHA) plate (Becton, Dickinson &
Co., Sparks, MD) and then aseptically transferring a hemin disc (Sigma-Aldrich
Chemie GmbH) onto the center of the plate. As for thymidine and menadione
auxotrophy, a diluted culture of SCVs in CAMHB was plated onto the surface of
MHA plates, where cups were instilled with either thymidine (200 pg/well) or
menadione (10 wg/well). The plates were incubated at 37°C for 24 to 48 h, and
growth of the SCVs on all three plates was observed. To determine generation
time, cultures (10* CFU/ml) of S. aureus SG511 and the SCVs were incubated at
37°C, and samples were withdrawn every 30 min (parent strain) or 90 min (SCVs)
and plated on MHA plates for viable cell count determination. The plates were
incubated at 37°C for 24 to 48 h (wild type) and for 48 to 72 h (SCVs). Moreover,
conventional biochemical tests were used to compare both phenotypes.

RESULTS

In vitro growth inhibition. Chitosan’s antimicrobial activity
varied against strains and was bacteriostatic, rather than bac-
tericidal, judged by the slightly higher MBCs (Table 1). Since
the antimicrobial activity of chitosan depends on a variety of
factors, including its type (e.g., plain or derivative), molecular
weight, and degree of deacetylation, we decided to subject
chitosan to a detailed characterization (Table 2). The value of
polydispersity (a measure for the width of the molar mass
distribution of a polymer) indicated that the chitosan sample
was quite heterogenous, encompassing polymers of widely
ranging molecular weight distribution, thus explaining the oc-
casional variation in MICs between determinations. Moreover,
several chitosan samples with various molecular weights were
found to be equally active against the tested strains. Taken
together with the evidence that no significant difference in
chitosan’s activity was observed upon dialysis against acidu-
lated water (Slide-A-Lyzer 10K dialysis cassette; Pierce, IL) for
48 h, it appears that molecules larger than 10 kDa were re-
sponsible for its activity. Therefore, we decided to use the
characterized batch of chitosan for all subsequent experiments.
The highest activity of chitosan was in CAMHB, with only
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FIG. 1. Effect of chitosan on the growth kinetics of S. aureus
SG511. Numbers of survivors (in log units) of S. aureus SG511 (starting
inoculum of 1.15 X 107 CFU/ml) in CAMHB at 37°C in the presence
of 0 (@), 0.5% (O), 1X (A), 2X (—), 5X (V¥), and 10X (H) MIC of
chitosan.
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residual activity in the other three media, probably due to the
fact that it is insoluble in the presence of phosphate ions (Table
1). Divalent metal cations (Fe*" and Zn**) reduced chitosan’s
antibacterial activity in a dose-dependent manner (data not
shown), which is consistent with the chelating ability of chi-
tosan toward transition metal salts in vitro (3).
Mode-of-action assays. Chitosan had a dose-dependent
growth-inhibitory effect on §. aureus SG511 (Fig. 1). At 10X
MIC, the number of surviving cells was drastically reduced
within 6 h to below the detection limit. This apparent killing
phase was, however, followed by regrowth, which might be
attributed to the emergence of small-colony variants. SCVs
constitute subpopulations of some S. aureus strains that are
generally more resistant to the action of antimicrobials than
their parent strain due to a decreased metabolism and a sig-
nificantly reduced electrochemical gradient (2, 34). The paren-
tal strain (S. aureus SG511) demonstrated a typical S. aureus
phenotype and was hemolytic on blood agar plates, whereas
the SCV colonies were smaller, had an unstable colony phe-
notype, diminished hemolytic activity, decreased pigmentation
and coagulase activity, delayed mannitol fermentation, slowed
growth (doubling of generation time compared to that of the
wild type), and were auxotrophic for menadione (data not
shown). The SCV was less susceptible than the parent strain to
chitosan, chloramphenicol, kanamycin, co-trimoxazole, ri-
fampin, and oxacillin. Differences in MICs ranged from 1.5- to
30-fold, depending on the antimicrobial agent (Table 3). In-

TABLE 3. Susceptibility of S. aureus SG511 (parent strain) and its
SCV to various antimicrobial agents

S. aureus SG511 SCV
- . MIC MIC
Antimicrobial agent (ng/ml)* MBC (ng/ml)* MBC
—— (pgnl) —————  (pgml)’
24h  48h 24h 48h
Chitosan 234 234 313 15.6 1875 250.0
Chloramphenicol 6.3 125 18.8 188
Kanamycin 08 0.8 6.3 6.3
Co-trimoxazole 20 20 4.0 2.0 40 >128.0
(trimethoprim-
sulfamethoxazole)
Rifampin =0.1 0.1 0.1 3.0 3.0 3.0
Oxacillin 04 05 0.5 0.6 1.1 2.1

“ Results are the averages of two determinations.
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FIG. 2. Cell leakage assays. (a) Potassium release from S. simulans
22 cells (—) increases with increasing amounts of chitosan: 5 pg/ml
(®), 10 pg/ml (O), 20 pg/ml (+), 40 png/ml (A), and 60 pg/ml (M).
100% potassium leakage was achieved by the addition of 1 puM of the
pore-forming lantibiotic nisin (V). (b) Leakage of UV-absorbing cel-
lular components from S. simulans 22, upon treatment with chitosan
(20 pg/ml) in CAMHB, measured at 260 nm (A). Nisin (1 uM) was
used to mark 100% leakage. Parallel optical density measurements
were conducted and compared to the initial culture density (percent
ODi0r D)-

terestingly, the addition of chitosan to S. simulans 22 cells in
the stationary phase yielded lower viable cell counts than the
same addition to cells in the late logarithmic phase.

We used a K*-specific ion electrode to detect membrane
impairment and leakage of cellular contents from S. simulans
22 cells after exposure to different concentrations of chitosan
(5 to 60 wg/ml) in situ. Chitosan initiated a gradual, dose-
dependent flux of K" ions from S. simulans 22, which was
rather incomplete (Fig. 2a), compared to that of a pore-form-
ing peptide, such as the lantibiotic nisin. However, preenergi-
zation of the cells in the presence of 10 mM glucose resulted in
an accelerated K" efflux without influencing the extent of
leakage. Moreover, treatment of S. simulans 22 cells with chi-
tosan (20 pg/ml) resulted in a gradual leakage of UV-absorb-
ing substances (likely representing nucleotide and coenzyme
pools) from bacterial cells, followed by a plateau for up to 2 h
(Fig. 2b). This leakage was also found to be concentration
dependent. Optical density measurements of the treated cul-
ture revealed around 50% reduction in culture density after
2 h, which was attributed to aggregation and flocculation of the
cells in the presence of chitosan. Attempts to detect protein
leakage upon chitosan treatment failed, indicating that either
no proteins leak out of the cells or they leak out in amounts too
small to be detected. In sum, the leakage experiments uni-
formly indicated that chitosan efficiently permeabilized the
plasma membranes of staphylococci for small cellular constit-
uents. We aimed at extending these observations by investigat-
ing whether liposomes treated with chitosan became damaged
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FIG. 3. Measurement of chitosan’s ability to perturb the membrane
potential (AW) using ["H|TPP*. Cells of S. simulans 22 in the late log

phase were allowed to equilibrate with [*H|TPP*. Chitosan was then
added (arrow) to a final concentration of 10 pg/ml.

and leaked trapped marker molecules. However, chitosan was
unable to cause permeabilization of the negatively charged
unilamellar DOPC-DOPG (1:1) liposomes to CF and K™ ions
(data not shown). These in vitro leakage assays served to illus-
trate that although chitosan might be endowed with consider-
able membrane permeabilization capacity when tested in vivo,
it may be unable to effectively demonstrate a similar effect in
an in vitro setting.

Perturbation of membrane integrity, by antimicrobials for
instance, leads to membrane depolarization and ultimately
bacterial cell death. In this study we found a substantial reduc-
tion in bacterial membrane potential AY when we monitored
the distribution of the small lipophilic charged [*’H|TPP™* ions
between cells of S. simulans 22 and the suspending medium in
response to treatment with chitosan (Fig. 3). The depolariza-
tion kinetics were similar to the time course of potassium
efflux. This contention was corroborated with the help of
DiBAC,(3), a lipophilic and anionic fluorescent distributional
probe, which accumulates only in cells in which the AW is
dissipated. With this probe, too, membrane depolarization was
dose dependent (data not shown). Nevertheless, it was obvious
that chitosan-induced depolarization was much slower and in-
complete when compared to the antimicrobial peptide nisin
(positive control).

Nisin is known to form a defined and stable pore, using the
membrane-bound bacterial cell wall precursor lipid II as an
anchor molecule, simultaneously resulting in inhibition of cell
wall biosynthesis (50, 51). However, we were unable to detect
such activity with chitosan in the in vitro lipid II assay (data not
shown).

Examination of cell damage by transmission electron mi-
croscopy. To further understand chitosan’s mode of action, we
monitored ultrastructural changes of S. simulans 22 cells upon
exposure to chitosan (10X MIC). Control cells showed an
intact plasma membrane of high electron density and an outer
cell wall of medium electron density which was more or less
uniform along the entire cell perimeter; sites of cell division
were also evident. Cells treated with chitosan for as short as 5
min showed irregular structures protruding from the cell sur-
face, which might be chitosan deposits still attached to the
negatively charged surface polymers (Fig. 4). Interestingly, it
seemed that the cell membrane became locally detached from
the cell wall, giving rise to “vacuole-like” structures under-
neath the cell wall, possibly resulting from ion and water efflux
and decreased internal pressure. Nonetheless, the membrane
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was well discernible in all sections, i.e., was more or less phys-
ically intact. There was no evidence for cell wall lysis, as de-
scribed for S. simulans 22 treated with the cationic peptides
Pep5 and nisin, which activate cell wall-lytic enzymes from
anionic cell wall polymers (4). Our electron microscopic find-
ings thus did not support earlier work, which demonstrated an
irregularly structured and frayed cell wall in chitosan-treated
microorganisms (28), and even the appearance of protoplasts
(10).

There was a fairly conspicuous nucleoid region of low den-
sity in both the control sample and in cells treated for 5 min
(Fig. 4a and b, respectively); however, this region became more
disperse and ill-defined in cells treated for 20 and 60 min (Fig.
4c and d, respectively), indicating that changes of the intracel-
lular ionic milieu after the addition of chitosan might affect the
bacterial nucleoid organization.

Influence of teichoic acids on the susceptibility of S. aureus
to chitosan. Teichoic acids are essential polyanionic polymers
of the cell walls of gram-positive bacteria, which appear to
extend to the surface of the peptidoglycan layer. They can be
either covalently linked to N-acetylmuramic acid of the pepti-
doglycan layer (wall teichoic acids) or anchored into the outer
leaflet of the cytoplasmic membrane via a glycolipid (lipotei-
choic acids [LTA]). To evaluate the possible involvement of
teichoic acids of S. aureus in chitosan’s antimicrobial activity
and to analyze their role in chitosan susceptibility, we tested S.
aureus strain SA113 together with four of its mutants lacking one
or more genes involved in teichoic acid biosynthesis (Table 1).

S. aureus SA113 AtagO completely lacks wall teichoic acids
due to deletion of the tagO gene which codes for an enzyme
catalyzing the first step in the synthesis of wall teichoic acids
(48). In the ypfP deletion mutant, the gene responsible for
biosynthesis of the glycolipid anchor of LTA was absent, caus-
ing 87% reduction in LTA content compared to the LTA
content in the wild type (14). A double mutant in which the
tagO gene was replaced by an erythromycin cassette and the
ypfP gene was replaced by a spectinomycin cassette was also
available.

The tagO deletion mutant was the most resistant of the
strains to the antimicrobial activity of chitosan (with more than
fivefold-higher MIC), followed by the double mutant and the
AypfP mutant (Table 1). The relevance of this finding is sig-
nificant, since the lack of teichoic acids in staphylococci results
in a less negatively charged cell wall, further substantiating the
hypothesis that the polycationic nature of chitosan is a major
factor contributing to its antimicrobial activity. We believe the
same reasoning can be applied to the fact that the AdltA mu-
tant, which lacks the p-alanine modification in teichoic acids,
as a result of which the cells carry an increased negative surface
charge (32), was almost 100 times more susceptible to the
action of chitosan, with an MIC as low as 0.9 pg/ml (Table 1).
This is reminiscent of previous observations that the AdltA
mutant was considerably more susceptible to cationic pore-
forming antimicrobial peptides, such as nisin, a-defensins, and
related peptides, than the wild-type strain is (32).

Analysis of transcriptional response pattern to chitosan.
We carried out a genome-scale microarray experiment to de-
tect global changes in S. aureus SG511 gene expression induced
in response to treatment with a subinhibitory concentration of
chitosan (15 pg/ml) for a short time (20 min), thereby identi-
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FIG. 4. Electron micrographs of S. simulans 22 cells (control) (a), treated with 10X MIC of chitosan for 5 min (b), 20 min (c), and 60 min (d).
Insets show close-ups of single cells. Bars, 2 um (panels a to d) and 200 nm (for insets of panels a to d).

fying fine-tuned responses of bacteria to the stress induced by
chitosan. SAM (significance analysis of microarrays) revealed a
total of 166 ORFs that showed a statistically significant change
in expression level (with a 0.64% false discovery rate). A com-
plete list of the significant gene responses, including 84 up-
regulated genes and 82 downregulated genes, is given in the
supplemental material; Table 4 lists the most drastic changes,
with a cutoff value arbitrarily set at twofold. Comparatively few
changes in gene expression were observed upon chitosan treat-
ment compared to cationic AMPs (31, 40).

Chitosan treatment reduced the bacterial growth rate, and
this was clearly reflected in genetic expression profiles through
the downregulation of macromolecular biosynthesis, including
genes involved in RNA and protein synthesis (14 ribosomal
protein genes), as well as in the metabolism of carbohydrates,
amino acids, nucleotides, and nucleic acids (six genes), lipids,
and coenzymes (Table 4).

Transcriptional response data provided us with indirect ev-
idence that chitosan treatment interferes with cellular energy
metabolism. This is supported by the fact that several of the
genes preferentially expressed under oxygen depletion condi-
tions were upregulated in this study. Under low-oxygen condi-
tions and in the absence of external electron acceptors like
oxygen or nitrate, NAD™ is regenerated by fermentation or
nitrate respiration, rather than through the respiratory chain
(17). Among the proteins with the highest levels of transcrip-
tion were enzymes of the fermentation pathways, including
those coding for formate acetyltransferase (pfIB), together with
pflA (the activating enzyme), both catalyzing the nonoxidative
transformation of pyruvate to acetyl coenzyme A and formate,
and alcohol-acetaldehyde dehydrogenase (adhE), which corre-
sponds to the typical response of a bacterium to oxygen-limit-
ing conditions (17) and oxidative stress (8), as well as inter-
ruption of the electron transport chain (22). This is further
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TABLE 4. Genes regulated in chitosan-treated S. aureus SG511 cells

ORF Gene Function® Fold change”
Upregulated genes
Membrane bioenergetics (electron transport chain and
ATP synthase)

SA0411 ndhF NADH dehydrogenase subunit 5 22

SA2185 narG Respiratory nitrate reductase alpha chain 22
Cell division

SA0249 scdA Cell division and morphogenesis-related protein 2.0

SA1023 fisL Cell division protein 2.8
Metabolism of carbohydrates and related molecules

SA0143 adhE Alcohol-acetaldehyde dehydrogenase 2.0

SA0218 pfiB Formate acetyltransferase 2.7

SA0219 pflA Formate acetyltransferase-activating enzyme 6.4
Metabolism of amino acids and related molecules

SA2189 HP, similar to NirR 25
Regulation of RNA synthesis

SA1947 czrA Repressor protein 2.0
Protein folding

SA1659 prsA Peptidyl-prolyl cis/trans isomerase homolog 2.4
Adaptation to atypical conditions

SA1146 bsaA Glutathione peroxidase 2.4

SA2405 betA Choline dehydrogenase 2.1
Phage-related functions

SA0252 IrgA Holin-like protein LrgA 4.0

SA0253 IrgB Holin-like protein LrgB 2.6

SA0754 HP, similar to lactococcal prophage ps3 protein 05 39
Miscellaneous

SA0914 HP, similar to chitinase B 2.4
Hypothetical proteins

SA0772 Conserved HP 3.6

SA0890 Conserved HP 2.0

SA1942 Conserved HP 2.6

SA0536 HP 2.7

SA1162 HP 2.0

SA1476 HP 3.1

SA1665 HP 2.5

SA2049 HP 2.7

SA2491 Conserved HP 2.1

SA2221 HP 2.8

SA2268 HP 2.6

Downregulated genes

Transport/binding proteins and lipoproteins

SA0952 potC Spermidine/putrescine ABC transporter homolog 2.0
Metabolism of nucleotides and nucleic acids

SA0920 purQ Phosphoribosylformylglycinamidine synthase I PurQ 2.3

SA0921 purL Phosphoribosylformylglycinamidine synthetase PurL 2.0
Metabolism of lipids

SA0224 HP, similar to 3-hydroxyacyl-CoA dehydrogenase 2.4

SA0225 HP, similar to glutaryl-CoA dehydrogenase 2.4
Hypothetical proteins

SA2050 Conserved HP 2.1

“ HP, hypothetical protein; CoA, coenzyme A.
® Threshold ratio value set at =2.0-fold change.

substantiated by the fact that transcripts of the nar (narG and
narK) and nir (SA2189) operons, involved in nitrite reduction
and anaerobic respiration, a gene encoding a putative L-lactate
permease (SA2156), the regulatory gene s17A4, already shown to
be involved in oxygen regulation in S. aureus, together with the
gene ndhF, encoding an NADH dehydrogenase and linked to
electron transport (17), were all found to be upregulated dur-
ing chitosan treatment. Therefore, it appears reasonable to
hypothesize that the electron transport chain was uncoupled in
S. aureus SG511, resulting in impairment of oxygen consump-
tion in response to chitosan treatment, which forced the bac-
teria to shift to anaerobic respiration.

Defects in menadione biosynthesis (such as in the case of
SCV) result in interruptions in electron transport and de-
creased ATP production, thus inducing the expression of fer-
mentation enzymes, even under aerobic conditions. This is an
indication that, other than the oxygen concentration, several
factors might act as a signal for anaerobic gene regulation in S.
aureus, such as the reduced state of a component(s) of the
respiratory chain, the membrane potential, and/or the in-
creased level of NADH.

Acid stress is not likely to play a major role in chitosan’s
mode of action, since none of the urease genes, deemed to be
an important acid shock mechanism for S. aureus to counteract
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the acidic environment (6), was upregulated upon chitosan
treatment. In addition, at relevant concentrations, the pH of
the chitosan solution used was around neutrality.

None of the major peptidoglycan biosynthesis genes was
regulated upon chitosan treatment. However, upregulated
genes included bsaA and prsA and genes encoding the hypo-
thetical proteins SA1703 and SA2221 which were also identi-
fied upon vancomycin treatment and which are considered
parts of the staphylococcal cell wall stress stimulon (27, 45).

An operon encoding two potential membrane-associated
proteins, designated LrgA and LrgB, is believed to confer
negative control on extracellular murein hydrolase activity, by
acting as “antiholins,” thus inhibiting autolysis (18). Whereas
Weinrick et al. showed that both genes were downregulated in
mild acidic conditions (49), we saw that both genes were
strongly upregulated under chitosan stress, which is in agree-
ment with our electron micrographs, where no cell lysis could
be observed.

The overall transcriptional profile of chitosan-treated S. au-
reus did not coincide with other published antibiotic profiles or
with our own unpublished data file (mainly including cationic
AMPs [31, 40]), indicating that chitosan’s mode of action is
difficult to compare with that of classical antimicrobials. More-
over, among the 166 genes that showed a statistically signifi-
cant change in expression level, 32 (19.3%) encode enzymes of
unknown specificity, 23 (13.9%) encode proteins of unknown
function, and 46 (27.7%) encode hypothetical proteins, i.e., a
total of 101 out of 166 genes (60.8%) are of unspecified func-
tion. This demonstrates the complexity of such an analysis and
its limitations.

DISCUSSION

Different theories have been put forward to explain chi-
tosan’s antimicrobial mode of action. Some of the published
papers, including that of Rabea et al. (35), fostered the im-
pression that chitosan might have intracellular targets, such as
DNA. Because of its cationic nature, chitosan has been widely
investigated for the purpose of nonviral gene delivery in the
form of DNA-chitosan complexes or as nanoparticles (7).
However, the biological significance of this property is unclear,
since chitosan would not normally be able to reach a cytoplas-
mic target, unless it is able to circumvent the plasma mem-
brane.

The chelating activity of chitosan has often been implicated
as a possible mode of action (35). Yet, based on our results,
chelation of metals does not seem to be of importance for the
antibiotic activity of chitosan; in contrast, the formation of
complexes with metal ions appears to abrogate this activity.

The most prominent commercial use of chitosan is as a fat
binder in dietary preparations (53). Wydro et al. demonstrated
that there are significant electrostatic and hydrophobic inter-
actions, as well as hydrogen bonds between lipids and chitosan
(52). Related to this is the question of whether chitosan, being
a lipid binder, might be able to extract lipids from the bacterial
membrane. In view of the data we have gathered so far, this
notion might be plausible, should there be sites on the cell
surface where chitosan might interact with lipids extending
from the membrane. However, we would have expected to
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observe a destabilization of liposomes upon contact with chi-
tosan, which was not the case.

At present, the prevailing contention is that chitosan acts as
a membrane perturbant (19, 21, 54). On the basis of the results
discussed in this paper, we believe that such an activity might
be part of its antibiotic mechanism. However, there is no evi-
dence that chitosan’s antimicrobial activity is mediated by a
direct action on the cell membrane, because chitosan must first
pass through the bacterial cell wall, composed of multilayers of
cross-linked murein, to reach the plasma membrane. Various
models have been proposed to predict the spatial arrangement
of murein in the cell wall (11, 16, 47), all agreeing that the
bacterial surface, including the peptidoglycan, must be porous,
to allow the controlled ingress and egress of solutes. Pore sizes
differed among the various models, ranging from 2.06 to 3 nm
(47) up to 7 nm (16). Chitosan, being a linear polysaccharide,
would have a diameter of around 1.1 nm in its extended con-
formation (11). One might hypothesize that chitosan would be
able, at least in part, to diffuse through the pores in the murein
structure. However, this seems unlikely in light of the fact that
chitosan most probably exists in solution in a hydrated form
that is much larger. Indeed, the hydrodynamic radius R, of
chitosan, which indicates the apparent size of the dynamic
hydrated particle, was 24.59 nm * 1.4 relative standard devi-
ation (%) (Table 2). Therefore, none of the models of pepti-
doglycan structure would explain how a molecule with this size
might be able to cross the cell wall. Moreover, there is no
evidence that chitosan is broken down by extracellular staph-
ylococcal enzymes into active smaller fragments which might
pass through the cell wall more easily. In addition, dialyzed
chitosan was fully antimicrobial, suggesting that large mole-
cules are responsible for its activity.

Although chitosan and cationic AMPs share similar effects
on treated cells on the cellular level, including cellular leakage
and membrane perturbation, the transcriptional response pat-
terns of both show surprisingly little similarity (31, 40). The
upregulation of anaerobic pathways and the lack of interfer-
ence in cell wall stress stimulon upon chitosan treatment
suggest that the underlying antimicrobial mechanisms are
different.

Transmission electron microscopy analysis of S. simulans 22
cells was consistent with an intact membrane but impaired
membrane function. Shrinking of the membrane suggested
water and ion loss from the cell. Yet the addition of chitosan
to the growth medium was not likely to change osmotic con-
ditions directly, instead it was inducing the leakage of ions
(potassium, for instance) by an unknown mechanism, possibly
by escaping through deenergetized K* transporters. No gross
membrane disruption or pore formation was observed. Also, it
appears unlikely that the changes in membrane permeability
result from osmotic stress, since transcription of genes typically
upregulated under such stress conditions, e.g., those responsi-
ble for accumulating proline and betaine (PutP, BPI, and
BPII) (29), was not significantly altered after chitosan addition.
Therefore, osmotic stress seems to be a result of chitosan’s
action, not its cause.

On the basis of our findings and the supporting literature, we
believe that chitosan’s mode of action is not confined to a
single target molecule but that killing results from a sequence
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of rather “untargeted” molecular events, taking place simulta-
neously or successively.

Our data clearly indicate that the initial contact between the
polycationic chitosan macromolecule and the negatively
charged cell wall polymers is indeed driven by electrostatic
interactions and that teichoic acids play a major role (as seen
with the ditA mutant, showing maximum susceptibility to chi-
tosan), leading to a disruption of the equilibrium of cell wall
dynamics. The originality of this hypothesis lies in the fact that
the bacterial cell wall biogenesis is dynamic, with 40 to 45% of
its structure released and recycled during each growth cycle
(16). Although the possibility that dealanylated teichoic acids
might represent a “target” for chitosan’s action might spring to
mind, we can, at this stage, neither explicitly refute nor confirm
this contention. However, taking into account that the concen-
tration of LTA in the outer leaflet of the cytoplasmic mem-
brane of S. aureus is 10 to 20 mol% of polar lipids (15), a
possible immobilization or even extraction of LTA by chitosan
may have drastic consequences on the vital lateral diffusion of
proteins as well as molecular machineries located within the
cell membrane. Thus, LTA might provide a molecular link for
chitosan at the cell surface, allowing it to disturb membrane
functions.

Binding of chitosan to cell wall polymers would then trigger
secondary cellular effects: destabilization and subsequent dis-
ruption of bacterial membrane function occur, albeit via un-
known mechanisms, compromising the membrane barrier
function and leading to leakage of cellular components without
causing distinct pore formation. In addition, membrane-bound
energy generation pathways are affected, probably due to im-
pairment of the proper functional organization of the electron
transport chain, thus interfering with proper oxygen reduction
and forcing the cells to shift to anaerobic energy production.
This might ultimately lead to dysfunction of the whole cellular
apparatus. We may also tentatively speculate that the accumu-
lation of the polymer in the membrane vicinity triggers various
stress responses due to a local low pH or other factors that
remain to be identified.

Nevertheless, the complex mechanisms by which these pro-
cesses are coupled or interrelated have not been fully ascer-
tained. Future work should aim at clarifying the molecular
details of the underlying mechanisms and their relevance to
the antimicrobial activity of chitosan. Moreover, further inves-
tigations in this area, in particular with regard to bacterial
resistance mechanisms against this compound, are warranted.
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